2؉ /Mn 2؉ -ATPase (SPCA) 2 encoded by ATP2C2 is only expressed in a limited number of tissues, unlike the ubiquitously expressed SPCA1 pump (encoded by ATP2C1, the gene defective in Hailey-Hailey disease). It has not been determined whether there are significant functional differences between SPCA1 and SPCA2 pump enzymes. Therefore, steady-state and transient kinetic approaches were used to characterize the overall and partial reactions of the Ca 2؉ transport cycle mediated by the human SPCA2 enzyme upon heterologous expression in HEK-293 cells. The catalytic turnover rate of SPCA2 was found enhanced relative to SPCA1 pumps. SPCA2 displayed a very high apparent affinity for cytosolic Ca 2؉ (K 0.5 ‫؍‬ 0.025 M) in activation of the phosphorylation activity but still 2.5-fold lower than that of SPCA1d. Our kinetic analysis traced both differences to the increased rate characterizing the E 1 ϳP(Ca) to E 2 -P transition of SPCA2. Moreover, the reduced rate of the E 2 to E 1 transition seems to contribute in determining the lower apparent Ca 2؉ affinity and the increased sensitivity to thapsigargin inhibition, relative to SPCA1d. SPCA2 also displayed a reduced apparent affinity for inorganic phosphate, which could be explained by the observed enhanced rate of the E 2 -P dephosphorylation. The insensitivity to modulation by pH and K ؉ concentration of the constitutively enhanced E 2 -P dephosphorylation of SPCA2 is similar to SPCA1d and possibly represents a novel SPCA-specific feature, which is not shared by sarco(endo)plasmic reticulum Ca 2؉ -ATPases.
cations are needed for specific luminal processes including protein sorting and trafficking, endosome fusion, precursor protein processing, and N-and O-linked protein glycosylation (6) . Genes encoding SPCAs have now been shown to be expressed in fungi such as Saccharomyces cerevisiae (1) , but also in invertebrate and vertebrate organisms such as Caenorhabditis elegans (7) , Drosophila melanogaster (7), rat (2) , and human (8 -12) . In humans, the SPCA1 haploinsufficiency caused by mutations in one allele of the SPCA1 gene (ATP2C1; cytogenetic position 3q22.1) determines the Hailey-Hailey skin disease phenotype (8, 9, 12) . Interestingly, the Hailey-Hailey skin disease phenotype closely resembles that detected in patients with Darier disease, another autosomal dominant skin disorder, for which genetic and functional studies (13, 14) have revealed the sarco(endo)plasmic reticulum Ca 2ϩ -ATPase 2 (SERCA2) gene (ATP2A2) as the defective gene.
In addition to ATP2C1, the human genome contains a second SPCA gene (ATP2C2, cytogenetic position 16q24.1), whose protein product (SPCA2 of 946 amino acids) has not been studied until very recently (10, 11) . Orthologue SPCA2 genes are found in higher vertebrates such as amphibians, birds, and mammals. It became clear that SPCA2 must play other physiological roles than SPCA1 because SPCA2 does not compensate for the reduction in the SPCA1 activity in Hailey-Hailey skin disease patients. Despite being located on different human chromosomes, the exon/intron layout is perfectly conserved between ATP2C1 and ATP2C2 (10) . The two proteins encoded by the respective genes share a 64% amino acid sequence identity and display a different tissue expression pattern. In contrast to the widespread tissue distribution pattern of ATP2C1 typical for a housekeeping enzyme (10) , the product of ATP2C2 (10, 11) appears to be confined to the gastrointestinal and respiratory tracts, thyroid, prostate, mammary, and salivary glands (10) , as well as to the brain and testis (11) . SPCA2 colocalizes with Golgispecific markers in human colon epithelial cells (10) . For SPCA1, further isoform diversity is brought about by alternative splicing of the ATP2C1 pre-mRNA at its 3Ј end giving rise to three functionally active splice variants (SPCA1a of 919 amino acids, SPCA1b of 939 amino acids, and SPCA1d of 949 amino acids) and one inactive truncated isoform (SPCA1c of 888 amino acids) (3, 12) . So far, no splice variants have been reported for ATP2C2.
Relative to SERCA1a, the SPCA1 enzymes display remarkably high apparent affinities for cytosolic Ca 2ϩ (K 0.5 ϭ 0.01-0.04 M) in activation of the ATPase and phosphorylation activities and relatively low maximal turnover rates (3) . Further investigations showed that these differences are mainly due to a reduction in the rate of the energytransducing E 1 ϳP(Ca) to E 2 -P conformational transition (3) . Until now, the heterologous expression of human SPCA2 in yeast (11) and mammalian COS-1 cells (10) demonstrated directly the ability of SPCA2 to transport either Ca 2ϩ or Mn 2ϩ , but disagreement remained regarding whether SPCA2 could bind Ca 2ϩ with high (10) or low (11) affinity. Furthermore, it is not yet clear whether the amino acid differences observed between SPCA1 and SPCA2 protein sequences would translate into different functional properties.
In the present study, the biochemical characteristics of the human SPCA2 enzyme have been analyzed and compared with those of human SPCA1d and rabbit SERCA1a enzymes upon their transient heterologous expression in HEK-293 cells. The kinetic differences between SPCA2 and SPCA1d isozymes reported here have direct consequences for the maximum turnover rate as well as for the substrate (Ca 2ϩ , ATP, or P i ) and inhibitor (vanadate or thapsigargin) concentration dependences. Our findings may reflect a specialized physiological role for SPCA2 in a restricted number of cell types.
EXPERIMENTAL PROCEDURES
The full-length cDNA clones used encode the human SPCA2 (10) in the expression vector pcDNA3 (Invitrogen), the human SPCA1d (3, 12) , and the rabbit SERCA1a (994 amino acids; Ref. 15 ) in the expression vector pMT2.
Transfections of HEK-293 cells with the cDNAs were performed using the transfection reagent FuGENE 6 (Roche Applied Science). The microsomal membrane fraction containing the transiently overexpressed Ca 2ϩ -ATPase was isolated from transfected cells by differential centrifugation (16) and used for enzymatic assays.
All of the functional procedures previously described for the steadystate and transient kinetic analyses of the wild-type and mutant SERCA proteins (14, (17) (18) (19) and of human SPCA1 isoforms (3) as well were directly applicable to the expressed human SPCA2 enzyme, and more details of these assays are given in the figure legends. Several kinetic determinations were performed on a millisecond scale by employing the rapid quench-flow methodology (14, (17) (18) (19) . All of the methods measuring the phosphorylation levels take advantage of the fact that only the Ca 2ϩ -bound enzyme is able to phosphorylate with ATP (20) . The background phosphorylation levels built up in reactions with [␥-32 P]ATP or 32 P i were determined by adding, respectively, excess EGTA or Ca 2ϩ prior to phosphorylation. The contribution of the endogenous SPCA1 and SERCA2b pumps in the transfected HEK-293 cells to these enzymatic measurements is negligible in comparison with the contribution of the highly expressed exogenous calcium pumps. The phosphorylation level of SERCA1a transiently expressed in HEK-293 was similar to that previously reported (14) .
All of the data presented are average values corresponding to two to six experiments. Standard errors larger than the symbols are shown as error bars in the figures. The experimental data were fitted by linear and nonlinear regression analysis using the SigmaPlot program (SPSS Inc.) or by means of kinetic simulation software (17) . The values extracted for K 0.5 , Hill coefficient, and different rate constants are shown in the corresponding figure legends.
RESULTS
Expression of Human SPCA2-Our recent work with human SPCA isoforms (3, 10, 12) has clearly demonstrated the suitability of the heterologous mammalian (HEK-293 or COS-1) cell expression system (i.e. high expression levels for exogenous SPCAs and low background level for endogenous SERCA2b and SPCA1 pumps) as a tool for the functional expression of such enzymes. In this study, the human SPCA2 pump was further analyzed in detail and compared with the newly characterized human SPCA1d paralogue (3) and to the well known SERCA1a enzyme, following their heterologous expression in the HEK-293 cells. The expression level of SPCA2 in HEK-293 cells was examined quantitatively by determining the maximum capacity for phosphorylation with [␥-
32 P]ATP in the presence of activating Ca 2ϩ (forward reaction 3 in Scheme 1) under conditions (neutral pH and 0°C) known to minimize the turnover of the E 1 ϳP(Ca) phosphoenzyme (data not shown). With or without thapsigargin present (0.1 M) to inhibit the endogenous SERCA2b activity, the maximum phosphorylation levels obtained for SPCA2 and SPCA1d ranged between 150 and 250 pmol of active enzyme/mg microsomal protein, several hundred-fold higher than that of the endogenous SPCA1 and SERCA2b pumps in control HEK-293 cells and comparable with those previously shown for the exogenously expressed SERCAs (14, 19) as well as SPCA1 pumps (3) .
Thapsigargin Sensitivity- Fig. 1 Interestingly, the SPCA2 isozyme displayed a 14-fold increased affinity for thapsigargin (K d ϭ 2 M) relative to SPCA1d. The increased affinity of SPCA2 for thapsigargin has the practical consequence that the amount of total thapsigargin needed to selectively inhibit the endogenous SERCA2b should not exceed 0.1 M. The use of higher concentrations (in the micromolar range) of thapsigargin will certainly lead to errors in estimating the level of SPCA2 activity, e.g. the maximum capacity for phosphorylation with [␥-32 P]ATP (see above) and the maximum turnover rate of the ATPase activity (see below).
ATPase Activity-Steady-state ATPase activity was determined by colorimetrically monitoring the release of inorganic phosphate. Fig. 2 shows the corresponding Ca 2ϩ dependence of the ATPase turnover rate determined in the presence and absence of the calcium ionophore A23187 at pH 7.0 and 37°C. In the absence of calcium ionophore, the Scheme 1. SPCA reaction cycle. The proposed cycle is similar to that of SERCAs with the notable exception that the latter pumps transport two Ca 2ϩ per each hydrolyzed ATP. The steps involved in ion translocation and ATP hydrolysis can be treated based on the classical E 1 /E 2 model (32) with the enzyme shuttling reversibly between two conformational states displaying different affinities toward the transported ion. The E 1 conformational states display high affinity ion binding sites at the cytoplasmic side (E 1 and E 1 Ca) or can occlude Ca 2ϩ (E 1 ϳP(Ca) state), whereas the E 2 states (e.g. E 2 and E 2 -P) exhibit low affinity ion binding properties (luminally oriented sites in E 2 -P). Ion binding (reactions 1 and 2) allows (through conformational changes) the subsequent phosphorylation with ATP (reaction 3) and the release of Ca 2ϩ into the Golgi lumen, the latter event being critically dependent on the rate-limiting step associated with the E 1 ϳP(Ca) to E 2 -P transition (reaction 4). Regeneration of the Ca 2ϩ -free E 2 enzyme (reaction 5) completes the cycle. For SERCA1a, this step is associated with proton binding and countertransport events (33) . However, for SPCA1, binding of protons or even K ϩ does not activate this reaction (3). E 1 ϳP(Ca) to E 2 -P transition (step 4 in Scheme 1) becomes inhibited by the binding of accumulated Ca 2ϩ at luminal low affinity sites, but the addition of calcium ionophore relieves this inhibition by collapsing the Ca 2ϩ gradient across the microsomal membranes. Fig. 2 demonstrates that for medium Ca 2ϩ concentrations in the micromolar range, the addition of the calcium ionophore increases the ATPase activity about 3-fold for both SPCA2 and SPCA1d, because the inhibitory effect of luminal Ca 2ϩ is relieved. The maximum ATPase turnover rate determined under these conditions for SPCA2 (40.7 s Ϫ1 ) was significantly ( during the phosphorylation activity (Fig. 3) is not mirrored by a similar decrease of the true affinity of the E 1 form for Ca 2ϩ ; on the contrary, the rate constant obtained for SPCA2 would rather suggest an increase in the true affinity for Ca 2ϩ . Relative to SERCA1a, the rate constant of Ca 2ϩ dissociation in SPCA2 reflects similar true affinities for Ca 2ϩ , despite the much higher apparent Ca 2ϩ affinity of SPCA2 determined by studying the Ca 2ϩ dependence of ATPase (Fig. 2 ) and phosphorylation (Fig. 3) activities. The reason for this will be further dealt with under "Discussion."
Rapid Kinetic Analysis of Phosphorylation- Fig. 6 illustrates the time course of phosphorylation (reaction 3 in Scheme 1) determined in the presence of 5 M ATP with the enzyme initially present in the Ca 2ϩ -saturated form. Although the phosphorylation data for the SPCA2 and SPCA1d isozymes can be easily fitted by monoexponential functions with the rate constants of 20.9 and 12.3 s Ϫ1 , respectively, the phosphorylation data for SERCA1a, showing a slight overshoot, could be accurately reproduced only by computation (shown as a dotted line in Fig. 6 ) taking into consideration also the other reactions in the cycle and using a phosphorylation rate constant of 35 s Ϫ1 as previously described (17) .
ATP Dependence of Phosphorylation-The ATP concentration dependence of phosphorylation with [␥-
32 P]ATP was studied at steadystate (Fig. 7A) . As shown in Fig. 7A , SPCA2 displayed a 2.85-fold higher apparent affinity for ATP (K 0.5 ϭ 0.057 M) than SPCA1d (K 0.5 ϭ 0.162 M), which was in good agreement with the increased phosphorylation rate of SPCA2 seen in Fig. 6 . As previously discussed (3), these data can be explained either by an increased affinity for ATP or by an enhanced V max for phosphorylation. Using the methodology described above (Fig.  6) , the V max for phosphorylation was determined for SPCA2 (69.8 s Ϫ1 ) and SPCA1d (39.5 s Ϫ1 ) by examining the ATP concentration dependence of the initial phosphorylation rate at 25°C (data not shown). Hence, the V max for SPCA2 was 1.75-fold higher than that of SPCA1d, whereas the respective K m values were rather similar to each other (12.8 M for SPCA2 and 8.1 M for SPCA1d) and to that of SERCA1a (10.3 M), thus suggesting that the increased rate of phosphorylation seen for SPCA2 in Fig. 6 represents actually a V max effect rather than a consequence of increased affinity for ATP. P i Dependence of Phosphorylation by 32 P i -Phosphorylation with 32 P i (reverse reaction 5 in Scheme 1) leading to a stable ADP-insensitive E 2 -P phosphoenzyme was analyzed as described (22) . As seen in Fig. 7B , the apparent affinity for 32 P i displayed by SPCA2 (K 0.5 ϭ 112.7 M) was 2.1-and 10.0-fold reduced relative to SPCA1d and SERCA1a, respectively.
Dephosphorylation of the Phosphoenzyme Intermediate Formed from ATP-The decomposition of ADP-sensitive E 1 ϳP(Ca) phosphoenzyme intermediate was studied after phosphorylation with [␥-32 P]ATP under conditions that for SERCAs (16, 17) result in the accumulation of ADP-sensitive phosphoenzyme intermediates. Dephosphorylation in the forward direction of the reaction cycle (combined reactions 4 and 5 in Scheme 1) was followed by the addition of dephosphorylation medium containing excess ATP and EGTA (open symbols in Fig. 8A) . Dephosphorylation of the phosphorylated intermediates in the backward direction (reverse reaction 3 in Scheme 1 with formation of ATP via the transfer of the phosphoryl group to ADP) was studied by the addition of excess ADP and EGTA (solid symbols in Fig. 8A ). Relative to ) for Ca 2ϩ dissociation (k ϪCa , shown at right) were determined at 25°C as previously described (17) in quench-flow experiments measuring the EP ATPϩEGTA /EP ATP ratios (represented by columns). To determine the EP ATPϩEGTA level, the enzyme preincubated in a medium containing 40 mM MOPS/Tris, pH 7.0, 80 mM KCl, 5 mM MgCl 2 , and 100 M CaCl 2 was mixed with an equal volume of 40 mM MOPS/Tris, pH 7.0, 80 mM KCl, 5 mM MgCl 2 , 4 mM EGTA, and 10 M [␥-32 P]ATP, followed by acid quenching 34 ms later, as illustrated in the diagram. To determine the EP ATP level, the enzyme preincubated in the same medium as for the EP ATPϩEGTA determination was mixed with an equal volume of this Ca 2ϩ containing medium, to which 10 M [␥-32 P]ATP had been added, followed by acid quenching 34 ms later.
FIGURE 6. Time course of phosphorylation by [␥-
32 P]ATP of enzyme preincubated with Ca 2؉ . Quench-flow experiments were carried out at 25°C using the QFM-5 module as illustrated in the diagram by mixing microsomes preincubated in a medium containing 40 mM MOPS/Tris, pH 7.0, 80 mM KCl, 5 mM MgCl 2 , and 100 M CaCl 2 with an equal volume of the same medium containing in addition 10 M [␥-32 P]ATP, followed by acid quenching at the indicated time intervals. The phosphorylation is shown relative to the maximum level reached. For SERCA1a, the dotted line was generated by computer simulation as described (17) SPCA1d, the 3-fold enhanced dephosphorylation rate of SPCA2 (0.097 versus 0.033 s Ϫ1 ) observed upon ATP/EGTA chase can explain the observed differences between these isozymes in the maximal ATPase turnover rate (Fig. 2) and, in part, also the difference in apparent affinity for Ca 2ϩ activation of phosphorylation ( Fig. 3 ) (see "Discussion"). The dephosphorylation rate obtained following the ADP/EGTA chase of the SPCA2 E 1 ϳP(Ca) intermediate was indistinguishable from SERCA1a but was ϳ4.0-fold increased relative to SPCA1d.
Dephosphorylation of the Phosphoenzyme Intermediate Formed from 32 P i -The dephosphorylation of the E 2 -P intermediate (forward reaction 5 in Scheme 1) formed by phosphorylation with 32 P i was investigated under acidic, neutral, or alkaline conditions at 0°C and in the presence and absence of K ϩ . The rate constants obtained by fitting monoexponential decay functions to the data as illustrated in Fig. 8B demonstrated that the E 2 -P dephosphorylation rate increased, regardless of the pH employed in the order SERCA1a Ͻ SPCA1d Ͻ SPCA2 (for SERCA1a, the recent dephosphorylation data from Ref. 3 are shown). As indicated by the different ordinate scales in Fig. 8B , the dephosphorylation rates of SPCAs are orders of magnitude higher than that of SERCA1a. The pH dependences of SPCA2 and SPCA1d are similarly much weaker than that of SERCA1a. The addition of 80 mM K ϩ (which normally accelerates the rate of this step for SERCA1a) at pH 6.0 resulted in a rate for the E 2 -P dephosphorylation of SPCA2 that was 2.5-fold decreased relative to that obtained in the absence of K ϩ but still 5-fold faster than that of SERCA1a (3). The insensitivity of the E 2 -P dephosphorylation to variation of H ϩ concentration and the lack of K ϩ -induced acceleration appears to reveal a novel feature shared by the SPCA family members and not by SERCAs.
Inhibition by Vanadate-Vanadate (V) binds to the E 2 form leading to a dead end complex (E 2 ⅐V) believed to resemble the transition state between E 2 -P and E 2 ⅐P i occurring during enzyme turnover. The apparent affinity of the enzyme for vanadate is altered by any change brought to this transition state or to the E 2 state reacting with vanadate. Vanadate binding was studied under equilibrium conditions (i.e. in the absence of phosphoenzyme turnover), in which vanadate was allowed to bind E 2 in the absence of Ca 2ϩ and ATP (1 h at 25°C). After the incubation, the fraction of vanadate-free enzyme (E 1 ) was measured by phosphorylation upon the addition of excess Ca 2ϩ and [␥-32 P]ATP as P i was performed as in Fig. 7B . Following cooling of the sample to 0°C, the phosphoenzyme was chased by a 19-fold dilution of an aliquot into a medium (kept at 0°C) containing 100 mM MES/Tris, pH 6.0 (or 100 mM MOPS/Tris, pH 7.0 or 100 mM Tris/HCl, pH 8.5), 10 mM MgCl 2 , 2 mM EGTA, and 0.5 mM nonradioactive P i , and acid quenching was performed at the indicated serial time intervals. The dephosphorylation at pH 6.0 was also performed in the presence of 80 mM KCl. The phosphorylation data were normalized to the maximum level determined by acid quenching after the 10-min phosphorylation at 25°C. From the best fits of monoexponential decay functions to the data, the rate constants were extracted as follows. pH 6.0 and no K ϩ : SPCA2, 1.48 Ϯ 0.12 s Ϫ1 , and SPCA1d, 0.752 Ϯ 0.013 s Ϫ1 ; pH 6.0 and with K ϩ : SPCA2, 0.56 Ϯ 0.002 s Ϫ1 , and SPCA1d, 0.34 Ϯ 0.02 s Ϫ1 ; pH 7.0 and no K ϩ : SPCA2, 1.76 Ϯ 0.10 s Ϫ1 , and SPCA1d, 1.10 Ϯ 0.03 s Ϫ1 ; and pH 8.5 and no K ϩ : SPCA2, 1.07 Ϯ 0.10 s Ϫ1 , and SPCA1d, 0.68 Ϯ 0.06 s Ϫ1 . For direct comparison, these values are shown as bars in B. The corresponding much smaller rate constants pertaining to SERCA1a (3) are also shown, but note the different ordinate scale for these much smaller rate constants.
described (19) . Fig. 9 demonstrates that SPCA2 displayed 144-and 714-fold lower apparent affinities for vanadate than SPCA1d and SERCA1a, respectively (higher K 0.5 values in Fig. 9 ), thus in line with the P i phosphorylation data (Fig. 7B) .
DISCUSSION
In the present study, we have carried out for the first time a complete analysis (Figs. 1-9 ) of the Ca 2ϩ transport cycle mediated by human SPCA2 upon its heterologous expression in HEK-293 cells and compared the catalytic properties of SPCA2 and SPCA1d. Relative to SPCA1d, the human SPCA2 isozyme displays a higher maximal turnover rate for the overall Ca 2ϩ -ATPase reaction (Fig. 2) and a lower apparent affinity (higher K 0.5 ) for the cytosolic Ca 2ϩ activation of phosphorylation (Fig. 3) . Similar to SPCA1d, the Hill coefficient values obtained from the Ca 2ϩ titration of ATP hydrolysis and phosphorylation (Figs. 2 and 3 ) are in favor of a single high affinity ion binding site present in each SPCA2 molecule, which is in contrast to SERCAs, which can transport two Ca 2ϩ /each hydrolyzed ATP via two highly cooperative Ca 2ϩ binding sites (23) (24) (25) (26) (forward reaction 3) ; (ii) markedly enhanced dephosphorylation rates (Fig. 8A ) of E 1 ϳP(Ca) to E 2 (combined reactions 4 and 5) or backward to E 1 Ca (reverse reaction 3); (iii) a markedly increased dephosphorylation rate of E 2 -P to E 2 (forward reaction 5), which, similarly to the human SPCA1 isozyme (3), lacked the well known SERCA1a-specific dependence on pH and K ϩ (Fig. 8B) ; (iv) a significant decrease of the rate (Fig. 4) of the Ca 2ϩ binding transition (combined reactions 1 and 2) ; and (v) a slight decrease in the rate (Fig. 5) of Ca 2ϩ dissociation (reverse reaction 2). As will be discussed below, the characteristics of the partial reaction steps of SPCA2 can explain the distinct features observed under steady-state and equilibrium conditions (Figs. 1-3, 7, and 9) .
Apparent Affinity for Cytosolic Ca 2ϩ -It is now known that the human SPCA2 pump can actively transport both Ca 2ϩ and Mn 2ϩ (10, 11) . One report (11) claims that the human SPCA2, heterologously expressed in yeast, displays a "much poorer affinity" for transported Ca 2ϩ (K 0.5 ϭ 1.35 M) than its human (K 0.5 ϭ 0.25 M) and yeast (K 0.5 ϭ 0.07 M) paralogues. Together with the fact that both human SPCA2 and SPCA1a confer similar robust tolerance to Mn 2ϩ toxicity in yeast, the same report also claims that human SPCA2 may be primarily involved in Mn 2ϩ transport. Our report (10) disputes the findings of Xiang et al. (11) , because it documents that the human SPCA2 overexpressed in mammalian cells displays a much higher apparent affinity for Ca 2ϩ (K 0.5 ϭ 0.27 M) during 45 Ca 2ϩ transport assays. Here, the presently observed K 0.5 values for Ca 2ϩ activation of SPCA2 and SPCA1d (Figs. 2 and 3 ) are within the low submicromolar range and clearly describe Ca 2ϩ -ATPases with high apparent affinities for Ca 2ϩ , thus in agreement with our initial observations (10).
The 2.5-fold difference between SPCA2 (K 0.5 ϭ 0.025 M) and SPCA1d (K 0.5 ϭ 0.010 M) with respect to the apparent affinity for Ca 2ϩ activation of phosphorylation (Fig. 3) is not necessarily a consequence of a true decrease in the intrinsic affinity of the E 1 form for Ca 2ϩ in SPCA2, but, as previously demonstrated by computation (18) , it may owe to one or more kinetic effects such as a reduced rate of E 2 to E 1 transition or an increased rate of phosphoenzyme processing. Our recent studies of members of the SERCA family (14, 19) pointed to a strong correlation between the apparent affinity of the E 1 form for cytosolic Ca 2ϩ and the rate of Ca 2ϩ dissociation. However, this correlation did not hold for the human SPCA1 isoforms (3). Hence, SPCA1d owes its high apparent affinity for Ca 2ϩ to the low rate of the E 1 ϳP(Ca) to E 2 -P transition rather than to an increase in the intrinsic Ca 2ϩ affinity relative to SERCA1a (3). Actually, the 1.4-fold lower rate of Ca 2ϩ dissociation displayed by SPCA2 relative to SPCA1d (Fig. 5) points to a pump with slightly higher intrinsic Ca 2ϩ affinity than SPCA1d. However, the lower apparent affinity for Ca 2ϩ of SPCA2 relative to SPCA1d may be explained by (i) the reduced rate of the E 2 to E 1 interconversion in SPCA2 (Fig. 4) , which demonstrated a 7-fold decrease in the rate of the Ca 2ϩ binding transition, and (ii) the enhanced rate of the E 1 ϳP(Ca) to E 2 -P transition in SPCA2 (Fig. 8) . These conclusions are in agreement with previous results of computation using the rate constants pertaining to SERCA1a (18) , which are applicable to SERCAs (14, 19) and SPCAs (3). The specific structural elements in SPCA2 causing the decrease in the rate of the Ca 2ϩ binding transition and the enhanced rate of E 1 ϳP(Ca) to E 2 -P transition in SPCA2 relative to SPCA1d and, implicitly, determining the difference in the apparent affinity for Ca 2ϩ are yet to be identified.
Catalytic Turnover Rate-We documented here that the E 1 ϳP(Ca) to E 2 -P transition represents indeed a major rate-limiting step in SPCA2, because the back inhibition exerted by Ca 2ϩ accumulated inside the microsomal vesicles could be relieved upon the addition of the calcium ionophore A23187 (Fig. 2) . In these favorable conditions, the maximal turnover rate of the ATPase activity for SPCA2 was 1.5-fold higher than that of SPCA1d (Fig. 2) . SPCA2 owes this higher overall rate of ATP hydrolysis mainly to the 3-fold enhanced rate of the E 1 ϳP(Ca) to E 2 -P transition (Fig. 8A) . The reduced rate of the other rate-limiting step of the cycle, the Ca 2ϩ binding transition (E 2 to E 1 Ca) (Fig. 4) , only partially compensates for the increased rate of the E 1 ϳP(Ca) to E 2 -P conversion. On the other hand, the increased rates of E 2 -P dephosphorylation (Fig. 8B) and phosphorylation (Fig. 6) do not add much to the overall catalytic performance, because both reactions represent the most rapid steps of the cycle. The analysis of the ATP concentration dependence of the initial phosphorylation rate indicates that the increased phosphorylation rate of SPCA2 (Fig. 6) represented indeed a V max effect rather than a consequence of increased affinity for the substrate. Additionally, the phosphoenzyme processing in the presence of excess ADP (reverse reaction 3 in Scheme 1) was faster in SPCA2 relative to SPCA1d (Fig. 8A) , thus pointing to increased catalytic ability in both directions of the reaction 3 (Scheme 1).
E 2 -P Dephosphorylation-Other phenotypic characteristics of the SPCA2 enzyme in the E 2 conformation include the reduced apparent affinities (K 0.5 increased) for inorganic phosphate and vanadate (Figs. 7B and 9) and the increased sensitivity to thapsigargin inhibition (Fig. 1) relative to SPCA1d. Our kinetic examination showed that the increased rate of E 2 -P dephosphorylation (Fig. 8B) in SPCA2 relative to SPCA1d unambiguously explains the reduced apparent affinity for P i . The enhanced rate of the E 2 -P dephosphorylation in SPCA2 was observed irrespective of the presence of K ϩ and pH, thus indicating the presence of highly destabilized E 2 -P (and most likely vanadate-bound E 2 ) conformations. The combination of an increased rate of E 2 -P dephosphorylation and decreased rate of E 2 to E 1 observed for SPCA2 relative to SPCA1d explains the higher thapsigargin sensitivity of SPCA2, because thapsigargin binds to E 2 , which must accumulate to a higher extent in SPCA2 than in SPCA1d. Similar to SPCA1 isoforms (3), it appears that binding of protons is not required to activate the E 2 -P dephosphorylation in SPCA2. (28) . The protonation seems to be required to lend its structural support in stabilizing the empty Ca 2ϩ -binding pocket. Such a proton-mediated stabilizing effect may not be necessary for the SPCAs, because the SPCAs have less potentially charged residues in their Ca 2ϩ binding site and are embedded in the thicker Golgi-specific lipid bilayer containing sterols and sphingolipids, which could themselves exert a stabilizing effect within the Golgi membranes. The four SERCA1a-specific protonatable residues are not well conserved in SPCAs, their counterparts being 908 , is part of Ca 2ϩ site I, which does not exist in SPCAs). Although the glutamate and aspartate residues in SPCAs can in principle bind and countertransport two protons, such an event might be prevented by the very rapid closure of the luminal gate induced by the extremely fast release of inorganic phosphate (Fig. 8B) . Even if proton countertransport may occur in SPCAs, although to a lesser extent than in SERCAs, our demonstration that proton binding is not required for activation of E 2 -P dephosphorylation in SPCAs indicates that the proton countertransport is not compulsory in SPCAs. This is also relevant for cellular function, because the protons are needed in the Golgi lumen for various functions and kept inside because the Golgi membranes are much tighter than their ER/SR counterparts. Protons are actively accumulated into the Golgi lumen by V-type pumps. Therefore, it would seem energetically inefficient to dissipate the protons through SPCA pumps. We propose that SPCAs are particularly adapted not only to accumulate Ca 2ϩ and Mn 2ϩ in the Golgi lumen but also to prevent H ϩ from leaving the lumen. It is known that K ϩ ions can accelerate the rate of E 2 -P dephosphorylation in SERCA1a (29, 30) by binding to a site located in the phosphorylation domain (31) , but such a stimulatory effect is not observed for SPCA2 upon the addition of K ϩ in the dephosphorylation medium (Fig. 8B) . The negatively charged amino acid residue Glu 732 , which plays a role in conferring on SERCA1a its predominant sensitivity to K ϩ modulation, is replaced in SPCA2 by the shorter and neutral amino acid residue Asn 704 and in SPCA1d by the shorter negatively charged Asp 674 . Because both SPCA2 and SPCA1d share this insensitivity to K ϩ regulation of E 2 -P dephosphorylation, it is not unreasonable to envision that, relative to SERCA1a, the lack of a K ϩ regulatory effect arises from the slight shortening of the side chain (glutamate versus aspartate) rather than from the absence of a negative charge (glutamate versus asparagine). Indeed, recent kinetic studies with the SERCA1a mutant Glu 732 3 Asp support this view.
4
Concluding Remarks-The enzymatic properties of the human SPCA2 enzyme uncovered in the present study together with its tissue expression mainly restricted to the gastrointestinal and respiratory tracts, prostate, thyroid, salivary, and mammary glands (10) could in principle define a Ca 2ϩ -ATPase pump with a specific physiological role in secretory cells. The higher enzymatic turnover rate compared with the ubiquitously expressed SPCA1 isoenzymes and the rather high apparent affinity for cytosolic Ca 2ϩ displayed by SPCA2 are well adapted to replenish the Golgi compartment containing the SPCA2 pump following the depletion of Ca 2ϩ caused by the trafficking of Ca 2ϩ -rich vesicles, which is faster in secretory cells than in nonsecretory ones. The proton countertransport was recently proposed as mandatory for all P-type ATPases (28) , but, as shown here, the SPCAs may likely provide the exception to this rule.
